We consider a quintessence model for dark energy interacting with dark matter via a Yukawa interaction. To put constraints on this model we use the CMB measurements from the Planck satellite together with BAO, SNIa and H0 data. We conclude that this is a viable model and an appropriate scalar potential can favor the interacting scenario.
I. INTRODUCTION
Several cosmological observations, such as the measurement of the temperature anisotropies in the cosmic microwave background (CMB) [1] [2] [3] [4] , the measurement of the apparent magnitude of Type Ia supernovae (SNIa) as a function of redshift [5] , and the measurement of the baryon acoustic oscillations (BAO) [6, 7] , have demonstrated that the Universe is currently in an accelerated phase of expansion and that its total energy budget is dominated by a dark energy component. The nature of dark energy is, despite years of intense investigations, an unsolved problem, both under the theoretical and the observational point of view.
The most straightforward candidate for dark energy is the cosmological constant Λ, which has a constant equation of state parameter ω = −1. In the standard Λ-cold dark matter (ΛCDM) model of the Universe, the cold dark matter only interacts with other components gravitationally, while the dark energy is simply the vacuum energy and therefore has no dynamics. This model fits very well the current observational data, including the recent Planck data [2] [3] [4] . Despite its experimental success, this model exhibits some theoretical shortcomings such as the discrepancy between the value of the vacuum energy obtained through observations and the theoretically estimated value [8] . This model also suffers from a coincidence problem, i.e., why is the Universe dominated by dark energy in late times [9, 10] ?
Many alternative models for dark energy that attempt to avoid the problems in the ΛCDM model have been proposed in the literature. Most of them make use of a dynamical field to describe the dark energy, such as quintessence [11] [12] [13] and K-essence [14, 15] . Despite the fact that none of these models actually solve the problems that plague the cosmological constant nor provide a better fit to data than ΛCDM, some strong arguments have been given to justify the use of dynamical dark energy models to describe the Universe [11] [12] [13] .
The quintessence model is composed by a canonical scalar field φ that slowly rolls down a potential energy * alencar@if.usp.br † lolivari@if.usp.br ‡ eabdalla@usp.br V (φ). In this case, the dark energy has a dynamical equation of state ω and it can form large scale structures. Also, for being a dynamic component, the quintessence can naturally interact with other components of the Universe, such as the cold dark matter and neutrinos. The idea that there is an interaction between dark energy and dark matter has a number of interesting properties from a cosmological point of view. First, it has the theoretically appealing idea that the full dark sector can be treated in a single framework. It can thus help us alleviating the coincidence problem, since the dark energy density now depends on the dark matter energy density. Also an appropriate interaction can accommodate an effective dark energy equation of state in the phantom region in the present time [16] . At last, the interaction between dark energy and dark matter will affect significantly the expansion history of the Universe and the evolution of density perturbations, which allows us to constrain the parameters of such a model through cosmological observations.
Cosmologies in which an interaction between dark energy and dark matter is present have been widely explored before in the literature, both at a phenomenological as well as at a Lagrangian level [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, most of the approaches that attempt to discuss an interacting dark sector at a Lagrangian level are built within the framework of modified gravity [17, 33] or treat the dark energy as an exotic form of matter [30, 31] . The model that will be discussed in this work is, on the other hand, built within the framework of a standard quantum field theory in an attempt to be as simple as possible. To accomplish this, we will treat the dark energy as a canonical scalar field, as the scalar field of the quintessence model, and the dark matter as a spin 1 2 fermionic field. We postulate that the dark energy interacts only with the dark matter. Consequently, in our model, the baryonic matter evolves as in the ΛCDM model. This allows us to avoid the fifth force problem that exists in some interacting models [34] . We also postulate that the interaction in the dark sector is given by a Yukawa term which couples the scalar and the fermionic fields. The Yukawa interaction is renormalizable and well studied in the literature, inclusive in cosmology [35, 36] .
In order to constrain the cosmological parameters, we make use of the latest high precision Planck data on CMB temperature anisotropies together with the latest data on BAO, SNIa and the latest constraint on the Hubble constant [37] . This paper is organized as follows: in section II we describe the interaction model between dark energy and dark matter derived from a Lagragian with a Yukawa coupling and present the background and linear perturbation equations. In section III we explain the methods used in the analysis. Section IV present and discuss the results of the analysis. Finally, we summarize our results and conclusions in section V.
II. THE YUKAWA MODEL
The coupled dark sector, consisting of a canonical scalar field as the dark energy and a fermionic field as the dark matter, is described by the Lagrangian
where V (φ) is the scalar field potential, which, in principle, can have any functional form, L K is the kinetic part of the fermionic Lagrangian and m(φ) is the effective fermion mass, that, in our model, is given by
where M is the fermionic mass and β is the Yukawa coupling constant.
In what follows, we consider that the metric is given by the flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric which, when written in terms of the conformal time, η, is given by
and every "temporal" derivative is taken with respect to the conformal time.
The conservation equations for the energy densities of dark energy (d) and dark matter (c), which is considered pressureless, are given bẏ
where H = 1 a da dη , ω ≡ P/ρ is the dark energy equation of state parameter and Q 0 is a generic function representing the exchange of energy in the dark sector. Here we have treated both components of the dark sector as a fluid with the energy-momentum tensor T Aµν = (ρ A +P A )u Aµ u Aν + P A g µν , where u Aµ = (−a, 0, 0, 0) is the A-fluid 4-velocity. From the Lagrangian, Eq. (1), the scalar field has energy density and pressure given by
The source Q 0 that appears in the energy conservation equations, Eq. (4), is related to the effective fermion mass appearing in the Lagrangian by the relation [38, 39] 
To obtain this relation is necessary to use the equations of motion of the scalar field and the fermionic field which can be obtained from the Lagrangian through the variational principle and the supposition that these fields can be described by perfect fluids in a cosmological level [38, 39] . The model that we consider here corresponds to the choice
where we have defined r ≡ β M M pl and we chose to normalize all mass scales with the reduced Planck mass M pl . We see from equation (7) that the interaction β and the fermion mass M are degenerate and we cannot know both at the same time but only the ratio r. Therefore, we use r instead of β as our interaction parameter. This has the advantage of decreasing one degree of freedom in the analysis, at the cost that we are unable to know the individual values of β or M . We can generalize the energy-momentum conservation equations for the dark sector components to the form
A. Background Evolution
As we have assumed previously that the background Universe is described by a flat FLRW metric, Eq. (3), we are led, by the Einstein field equations, to the Friedmann equation,
where ρ t is the total energy density. Using Eq. (5), the Friedmann equation (9), can be written as
In this equation we are considering all the components of the Universe, with ρ r and ρ b being the radiation (photons and neutrinos) and baryonic energy densities, respectively. We can define the energy density parameters Ω A ≡ ρ A /ρ t , where ρ A is the energy density of the Afluid.
Considering that the dark sector of the Universe respects the characteristic equations of our model, Eq. (8), the time component of the energy-momentum conservation equation for all the components of the Universe arė
Since the dark energy equation of state, ω, and the interaction, Q 0 , depend on the scalar fields, φ andφ, we use the Klein-Gordon equation to completely describe the dark energy component,
where the prime denotes the derivative with respect to the scalar field φ.
B. Linear Perturbations
In this section we will consider the evolution of linear cosmological perturbations in our model. In the synchronous gauge, the line element of the linearly perturbed FLRW metric is given by [40, 41] 
(16) Here, we will restrict our analysis to the scalar modes, h and χ, of the metric perturbations.
The inhomogeneous energy density of dark matter and the scalar field can be written as
where ρ c (η) and φ(η) concern the background while δ c and ϕ are the linear perturbations. Using the perturbed part of the energy-momentum conservation equation for the dark sector, Eq. (8), we obtain for the dark matter the following equations,
where
is the gradient of the velocity field. In these equations, we have neglected the shear stress of the dark matter which is always very small for being non-relativistic. We note that in the presence of the interaction, the gradient of the velocity θ c will be non-zero throughout the Universe evolution. This means that instead of working in the cold dark matter rest frame, we will work in an arbitrary synchronous gauge.
For the dark energy, we only need the time component of the energy-momentum conservation equation (8) , which gives
To the other components of the Universe, baryons and radiation, we have the same perturbed equations as in the ΛCDM model. To solve these perturbed equations we need to provide two initial conditions to ϕ andφ. We will consider that, at early times, we have adiabatic initial conditions for the dark sector, which implies that [22] 
and that the scalar field intrinsic perturbation is zero,
These choices are not determinant to the Universe evolution, because isocurvature perturbations will be produced due to the presence of non-minimal coupling in the dark sector [42] . We modified the CAMB code [43] to include the Lagrangian model above. We considered that the scalar potential is given by
where A is a normalization constant and λ is a dimensionless parameter. We set A to the value of the cosmological constant energy density A = ρ Λ . Thus, λ = 0 and r = 0 is a measure of how our model differs from the cosmological constant model. Figures 1 and 2 present some graphs for the CMB and matter power spectrum obtained from our interacting model for different values of the parameters. Figure 1 shows that the scalar potential parameter λ has a small effect on the CMB and matter power spectrum, affecting mainly the low-l CMB power spectrum. On the other hand, we see from Fig. 2 that in addition to modifying the CMB spectrum at low l, the coupling between dark sectors can shift the acoustic peaks at large multipoles. However, the Yukawa interaction has a more dramatic effect on low multipoles and less effect on the acoustic peaks. We also observe that the power spectra present an almost symmetric behavior around the zero value for the interaction. Such a symmetry is broken when we look at background quantities, as e.g. the age of the Universe.
III. DATA ANALYSIS
To constrain the cosmological parameters in our interacting model, we use several data sets, the measurements of CMB anisotropies, BAO, SNIa and the direct measurement of the Hubble constant H 0 . Below we describe the likelihood for these measurements.
The Planck data set we use is a combination of the low-l TT likelihood, which includes measurements for l = 2 − 49, combined with the high-l TT likelihood, which includes measurements from l = 50 up to a maximum multipole number of l max = 2500 [2] [3] [4] . Together with the Planck data, we include the polarization measurements from the nine year Wilkinson Microwave Anisotropy Probe (WMAP) [44] , the low-l (l < 32) TE, EE, BB likelihoods.
In addition to the CMB data sets, we also consider measurements of baryon acoustic oscillations (BAO) in the matter power spectrum. We combine the results from three redshift surveys: the 6dF Galaxy Survey measurement at redshift z = 0.106 [45] , the SDSS DR7 BAO measurement at redshift z = 0.35 as analysed by Padmanabhan et al. [46] and the BOSS DR9 measurement at z = 0.57 [47] . These redshift surveys measure the distance ratio
where r s (z drag ) is the comoving sound horizon at the baryon drag epoch, the epoch when baryons became dynamically decoupled from photons, and D V (z) combines the angular diameter distance d A (z) and the Hubble parameter H(z), in a way appropriate for the analysis of spherically-averaged two-point statistics,
The comparison with BAO measurements is made using χ 2 statistics
where x is our theoretical predictions and x obs denotes the data vector. The data vector is composed by the measurements of the three data sets above: For the 6dF D V (0.106) = (457±27)M pc, for the DR7 D V (0.35)/r s = 8.88 ± 0.17 and for the DR9 D V (0.57)/r s = 13.67 ± 0.22.
We use the SNIa data from the Supernova Cosmology Project (SCP) Union 2.1 compilation [48] , which has 580 samples. The Union 2.1 uses SALT2 [49] to fit supernova lightcurves. The SALT2 model fits three parameters to each supernova: an overall normalization, x 0 , to the time dependent spectral energy distribution of a SNIa, the deviation from the average lightcurve shape, x 1 , and the deviation from the mean SNIa B -V color, c. Combining these parameters, the distance modulus is given by ) gives the correlation of SNIa luminosity to the mass of the host galaxy and M B is the absolute B-band magnitude. The nuisance parameters α, β, δ and M B are fitted simultaneously with cosmological parameters. The best-fit cosmology is determined by minimizing the χ 2 ,
To test our interacting dark energy models we use the CosmoMC [50, 51] module associated with the Union 2.1 sample. In this module the nuisance parameters are hold fixed with values α = 0.1218, β = 2.4657 and δ = −0.03634. From observations of Cepheid variables and lowredshift Type Ia surpernovae, the Hubble Space Telescope (HST) determined the Hubble constant with 3.3% uncertainty including systematic errors [37] H 0 = 73.8 ± 2.4 kms
We use this measurement of the Hubble constant as an additional data.
IV. RESULTS
We want to put constraints on the cosmological parameters and verify if the Yukawa interaction is favored by the observational data. The priors that we use are listed in Table I . At first we allow the parameter of the scalar potential λ to vary freely. We fixed the helium abundance as Y p = 0.24. The number of relativistic degrees of freedom is adjusted to N ef f = 3.046 and the total neutrino mass is set to m ν = 0.06 eV . At last, the spectrum lensing normalization is A L = 1. To finish the MCMC we set the Gelman and Rubin criterion to R − 1 = 0.03. 
We use the measurements of the CMB anisotropies made by Planck together with BAO, SNIa and H 0 measurements. Using the priors listed in Table I we run the MCMC. The results are shown in Table II , the 1-D posteriors for the parameters are given in Fig. 3 and some parameter degeneracies are in Fig. 4 . We observe that the Planck data alone is not enough to constrain the scalar potential λ and it constrains the interaction parameter r symmetrically around the zero value. This is what we expected from the discussion about the power spectra of the Lagrangian model, as illustrated in Figs. 1 and 2 . Adding low redshift measurements, λ tends to its lower limit, while the interaction parameter slightly breaks the symmetry around the zero value. We see that allowing the scalar potential to vary freely does not favor an interacting model. In fact, it shows a tendency to λ → 0 and r = 0, which is basically the ΛCDM model. We then consider the case when we fix the scalar potential parameter λ. We have learned that as we increase the value for λ, the interaction becomes more favored. For instance, λ = 3/2 produces the results in Table III and the 1-D posterior distributions are plotted in Fig. 5 . These results show that even when we fix the parameter λ, the Planck data alone is compatible with a null interaction. However, if we include low redshift measurements from BAO, SNIa and H 0 , the symmetric value of r is broken and it favors a negative value of r. For this value of λ, the negative interaction parameter is favored at 68% C.L.. Augmenting the value of λ, a negative r is even more favorable. Thus, we conclude that if we are able to determine the value of λ, or if we have a theoretical model fixing it, if this value is sufficiently large, the Yukawa interaction between dark energy and dark matter will be preferred by the cosmological data.
Unfortunately, the best fit value we obtained for the interacting parameter r does not help to alleviate the coincidence problem as shown in Fig. 6 . Although, the difference produced by this interaction in the ratio of dark matter and dark energy is small, we observe that to alleviate the coincidence problem we need a positive value for the interacting parameter r, as for this sign of the interaction, there is more time to the energy densities of dark matter and dark energy to be comparable.
V. CONCLUSIONS
In this paper we have presented cosmological constraints on the Yukawa-type dark matter-dark energy interaction model from the new CMB measurements provided by the Planck experiment. We have found that a dark coupling interaction is compatible with Planck data, although being still consistent with a null interaction.
We have also considered the combined constraints from the Planck data plus other observations from low redshift measurements. These analyzes have broken the symmetry around a null interaction, showing evidence for a negative value of the interaction parameter r. When we allowed the scalar potential parameter λ to vary freely, the interaction remains consistent with a null interaction. However, fixing λ, we obtained significantly evidence for interaction. For λ = √ 3/2 we found a negative interaction at 68% C.L., and higher values of λ favor even more the interaction. Thus, we conclude that the Yukawa coupled dark energy model is viable and is favorable for sufficiently high values of the scalar potential parameter. However, the best fit value we obtained does not help to alleviate the coincidence problem. 
